The fragmentation patterns of six C 21 steroidal aglycones, metaplexigenin (1), caudatin (2), qingyangshengenin (3), penupogenin (4), 20-cinnamoylsarcostin (5), and gagamine (6), were analyzed by high-resolution electrospray ionization ion-trap time-of-flight tandem mass spectrometry (HR-ESI-IT-TOF-MS n ). The [M-H] + ions of steroids 1-3 that contain a carbonyl functional group at C-20 (Type I) and [M+H] + ions of steroids 5-6 that possess a hydroxyl group at C-20 (Type II) were readily observed in MS analyses. The fragmentation pathways and diagnostic fragment ions for these six steroidal aglycones were proposed on the basis of their MS n analyses. The common fragmentation pathways for type I steroidal aglycones include the neutral loss of the ester group at C-12 and the hydroxyl moieties on the steroid skeleton, as well as the cleavage of ring D. Their diagnostic fragment ions were identified as m/z 361(B), 343 (C), 325 (D), 307 (F), 283 (G), 259 (E), and 243 (H). The fragmentation behavior of penupogenin (4) in type II was similar to those of type I, with m/z 363 (B'), 345 (C'), 327 (D'), 309 (F'), 283 (G), and 243 (H) as its diagnostic fragment ions. The ester group at C-20 was difficult to cleave in the MS n analyses of 20-cinnamoylsarcostin (5) and gagamine (6) so that the loss of this ester group was slower than that at C-12 and hydroxyl groups; the key ions at m/z 329 (I), 311 (J), 293 (K), and 275 (L) were characteristic for 5 and 6. The base ion peaks were derived from the loss of the substituent group at either C-12 or C-17 for both type I and type II steroidal aglycones.
C 21 steroids, the major chemical components of the family Asclepiadaceae, have been proved to possess prolific bioactivities, such as antitumor [1] , immunosuppressive [2] , appetite-suppressant [3] , and anti-hepatitis B virus [4, 5] . Attention has been paid to the rapid detection and capture of C 21 steroids for bioactivity screening and new drug development. Nevertheless, the isolation and identification of C 21 steroids from natural materials are difficult due to their thermal instability and low abundance in natural materials. It is thus imperative to establish highly sensitive and accurate methods to analyze C 21 steroids.
Recently, electrospray ionization (ESI) techniques linked with multi-stage tandem mass spectrometry (MS n ) have been extensively applied to analyze natural products including alkaloids [6] , steroidal saponins [7] , and triterpenoid saponins [8] . ESI-MS n techniques make it possible to determine the relationship between a precursor and its fragment ions, by which the fragmentation patterns can be sorted out and natural products in plants may be precisely analyzed [9, 10] .
Since most naturally-occurring C 21 steroids exist as glycosides, the MS n techniques have mainly been used to test the presence of C 21 steroidal glycosides in plants and to establish online methods to analyze the glycoside structures [11] [12] [13] [14] [15] [16] . However, no systematic study of the ESI-MS n fragmentation of C 21 steroidal aglycones has been reported so far. Additionally, some limitations may arise from the low resolution of mass spectrometers utilized in previous molecular formula predictions [7, [13] [14] [15] [16] . In this study, the fragmentation of six C 21 steroidal aglycones was explored using a LC/MS-IT-TOF mass spectrometer equipped with an electrospray ionization source and ion-trap and time-of-flight mass analyzers (ESI-IT-TOF). This mass spectrometer enables fast acquisition of multistage tandem spectra (MS 1−10 ) with high accuracy and resolution. The six steroidal aglycones, metaplexigenin (1), caudatin (2), qingyangshengenin (3), penupogenin (4), 20-cinnamoylsarcostin (5) , and gagamine (6) (as shown in Figure 1 ), are classified into type I that contain a carbonyl group at C-20 (steroids 1-3) and type II that possess a hydroxyl group at C-20 (steroids 4-6). A high resolution mass technique was first applied to investigate the fragmentation patterns of C 21 steroidal aglycones that may be used for the characterization of other structure-related steroids.
Prior to the MS n analyses, the full-scan mass spectra of steroids 1-6 in both positive and negative ion modes were acquired in automatic pattern. The [M−H] − ions for metaplexigenin (1), caudatin (2), qingyangshengenin (3), and penupogenin (4) were easily obtained. In contrast, only [M+H] + ions for 20-cinnamoylsarcostin (5) and gagamine (6) were observed. Therefore, the MS n investigations for steroids 1-4 in negative mode and for steroids 5-6 in positive mode were chosen, as shown in Tables 1-6. The mass spectra of steroids 1-6 are shown as Figures S1-S6 in the supporting information. hydroxyl group at C-20, and so the product ions of B' were ions C' at m/z 345, D' at m/z 327, and F' at m/z 309 in MS 3 experiment, which could be interpreted by the same fragmentation routes as ions C (m/z 343), D (m/z 325) and F (m/z 307). Furthermore, ions G at m/z 283 and H at m/z 243 were also found whose molecular formula and fragmentation pathways were similar to the above explanations, as described in Figure 2 . In addition to ions C', D', F', G, and H, ion 4i at m/z 299 was obtained as well due to the loss of the substituent group at C-17 as CH 3 CH 2 OH and of the hydroxyl group at C-14 as H 2 O. Ultimately, 4i eliminated 8-OH to produce ion 4j at m/z 281 in the MS 4 experiment (Figure 4 ). The ion J might also be originated from ion I through the elimination of one molecule of at m/z 452. Elimination of 14-OH in 6d led to the generation of ion 6e at m/z 434, and the subsequent departure of 17-OH in 6e produced ion 6f at m/z 416 with a more stable conjugated structure. The above dissociation routes were confirmed by MS 3 experiments of precursor ions 6b, 6c and 6d, in which ions 6d-6f were all obtained. Apart from ions 6e and 6f, two non-nitrogen ions I at m/z 329 (C 21 H 29 O 3 ) and J (C 21 H 27 O 2 ) at m/z 311 were also found from precursor ion 6d. In addition, the MS 3 analyses of ion 6f provided ions K at m/z 293 and L at m/z 275. Ions I to L were the common product ions for 20-cinnamoylsarcostin (5) and gagamine (6) , which could be regarded as the diagnostic ions for C 21 steroidal aglycones with the same skeleton, and 14-OH, 17-OH, and 3-OH were eliminated one by one from ions I to L, resulting in a more stable conjugated system. In MS 4 investigations, precursor ions 6e and K gave rise to versatile fragments, 6f, J-L, and 6g at m/z 260, ESI-IT-TOF-MS n fragmentation of of six C 21 steroidal aglycones Natural Product Communications Vol. 10 (12) 2015 2057 among which 6f and J to L have been clarified in the MS 3 experiments and the ion 6g could be explained by the loss of 13-Me as a CH 3 segment ( Figure 5 ).
In conclusion, high resolution MS n fragmentation studies of C 21 steroidal aglycones showed characteristic fragmentation patterns different from those of C 21 steroidal glycosides. Besides, the substituent group loss at either C-12 or C-17 gave rise to high abundance ions, even as the base ion peak for all six steroids. These findings demonstrate the possible online analytical ability of ESI-IT-TOF tandem mass spectrometry for establishing an effective method to analyze C 21 steroidal alycones.
Experimental
General: Acetonitrile, HPLC grade, was purchased from Merck Co. Ltd., Germany. Deionized water was purified using a MingCheTM-D 24UV Merck Millipore system (Merck Millipore, Shanghai, China). Apparatus and analytical conditions: MS n analyses were conducted on a LCMS-IT-TOF mass spectrometer (Shimadzu, Kyoto, Japan). Precise mass was corrected by calibration using the sodium trifloroacetate clusters. The mass resolution was about 10 000 full width at half maximum (FWHM). The Shimadzu Composition Formula Predictor was used to speculate the molecular formula. MS experiments were achieved in automatic pattern, and MS2-5 experiments were performed in manual mode. The ESI-MS analytical conditions were as follows: drying gas pressure, 100.0 kPa; nebulizing gas (N 2 ) flow, 0.5 L min -1 ; spray voltage, +4.50/−3.50 kV; detector voltage, 1.60 kV; equipment temperature, 40.0°C; heat block temperature, 200.0°C; curved desolvation line (CDL) temperature, 200.0°C; collision energy, 50%; collision gas (Ar), 50%; precursor ion selected width, m/z ±3.0 Da, and selected time, 20 ms; collision induced dissociation (CID) collision time, 30 ms; ion accumulation time, 10 ms; and q = 0.251; scan range, m/z 100-1000 for MS.
